Introduction
The Baculoviridae is a diverse family of pathogens that are infectious for arthropods and are characterized by a complex replication cycle that culminates in the occlusion of virions in a crystalline protein matrix (Blissard & Rohrmann, 1990) . Over 400 lepidopteran species serve as hosts for these viruses, with a single virus isolate usually restricted to one or a few related species. In addition, they have been reported from species of the orders Hymenoptera, Diptera, Siphonoptera and Trichoptera, as well as in several crustaceans (Adams & McClintock, 1991; Martignoni & Iwai, 1986) .
Baculoviruses are divided into two genera based on occlusion body morphology; the nuclear polyhedrosis viruses (NPVs) (Rohrmann, 1994) , which are characterized by many virions present in each polyhedronshaped occlusion body, and the granulosis viruses (GVs) (Crook, 1994) , which normally have smaller occlusion bodies each containing only a single virion, and have been reported to infect only the Lepidoptera. Occlusion bodies function to protect virions against proteolysis and environmental decay; occluded virions may remain viable for many years in the environment.
A decade ago baculoviruses and their molecular biology became the focus of intense interest because of their remarkable ability to hyperexpress heterologous eukaryotic genes under the control of the strong polyhedrin promoter (Smith et al., 1983; Pennock et al., 1984) . Because such proteins are processed in a manner similar to their native form, this system has become widely exploited for the expression of proteins for biomedical and pharmaceutical research. In addition, * Author for correspondence. Fax +1 503 737 0497. e-mail rohrmann@bcc.orst.edu t Present address: Division of Molecular Biology, The Netherlands Cancer Institute, Plesmaulaan 121, 1066 CX Amsterdam, The Netherlands.
since baculoviruses regulate the size of insect populations in nature, they are also being investigated for their potential use in the development of a new generation of insecticides (Granados & Federici, 1986) .
Baculoviruses have large, rod-shaped virions that contain double-stranded, supercoiled DNA genomes ranging in size from 88 to over 160 kb depending on the viral strain. The most well-characterized baculovirus, the Autographa californica multinucleocapsid NPV (AcMNPV) has a genome of 134 kb and encodes approximately 150 genes (Ayres et al., 1994) . A distinctive feature of the AcMNPV genome is the presence of eight homologous regions (hrs) that are dispersed throughout the genome ( Fig. 1) (Cochran & Faulkner, 1983; Guarino et al., 1986; Guarino & Summers, 1986 b; Ayres et al., 1994) . They vary in size from about 0.2 to 1.0 kb, and each contains multiple repeated sequences containing 30 bp imperfect palindromes. Hrs have been shown to act as enhancers of early gene transcription and are implicated as being origins of DNA replication.
Baculovirus genes are expressed in a transcriptional cascade in which each successive phase is dependent on the expression of genes during the previous phase. They can be divided into the general categories of early genes, which are transcribed by the host RNA polymerase II (Fuchs et al., 1983; Hoopes & Rohrmann, 1991; Huh & Weaver, 1990) , and late genes which are transcribed by a virus-specific RNA polymerase with a unique subunit composition (Yang et al,, 1991) . This polymerase is resistant to ~-amanitin (an RNA Pol II toxin) (Grula et al., 1981) and tagetitoxin (an RNA Pol III toxin) (Glocker et al., 1993) and initiates transcription from within a 5 bp late promoter element with the sequence A/G/T TAAG (Blissard & Rohrmann, 1990; Gross et al., 1993) .
Late gene expression is dependent on viral DNA replication and is not observed when DNA replication is inhibited (e.g. by aphidicolin or cytosine arabinoside) (Dobos & Cochran, 1980; Friesen & Miller, 1986; Rice & Miller, 1986/87 helicase -, _ lef-3 most late genes are actively transcribed but the levels of expression decline at later times. However, expression of the polyhedrin gene which encodes the major occlusion body protein is initially delayed but subsequently reaches extremely high levels very late in the infection. In addition, pl0, which encodes a small poorly conserved protein that may be involved in occlusion body formation or cell lysis (Gross et al., 1994; van Oers et al., 1993 ; Zuidema et al., 1993) is abundantly expressed at both late and very late times post-infection (Roelvink et al., 1992) . Polyhedrin and pl0 have been termed 'very late genes '. A number of reviews have been written on baculoviruses including their general biology (Granados & Federici, 1986) , molecular biology (Blissard & Rohrmann, 1990; Doerfler & Bohm, 1986) , structural proteins (Rohrmann, 1986 (Rohrmann, , 1992 , and their application as expression vectors (Luckow, 1991; Maeda, 1989; Vlak & Keus, 1990) . In addition, manuals are available that outline the practical details of the baculovirus expression system (Summers & Smith, 1987; King & Possee, 1992; O'Reilly et al., 1992) . Recently, a number of advances have been made in the characterization of the replication of baculovirus DNA. These include the identification of baculovirus DNA sequences that enable plasmids to replicate when transfected into baculovirus-infected insect cells. These sequences are likely to be DNA replication origins. In addition, an assay has been developed that allows for the identification of the baculovirus genes involved in DNA replication. This review will summarize our current understanding of sequences that are likely to act as Fig. 1 . Location of replication genes and homologous regions (hrs) on the AcMNPV genome. The numbers indicate the number of repeats within each hr; the large and small arrows indicate the relative orientation of the genes and hrs, respectively. These data are from Ayres et al. (1994) .
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baculovirus DNA replication origins and the genes involved in replication.
Baculovirus replication origins
The first report of an attempt to identify an origin of baculovirus DNA replication described a region of the genome of the Galleria melonella MNPV that underwent autonomous replication in insect cells (Blinov et al., 1983) . Subsequently, regions of the AcMNPV and Choristoneura fumiferana MNPV (CfMNPV) genomes were identified that allowed plasmids to replicate in the yeast Saccharomyces cerevisiae (Hooft van Iddekinge et al., 1986; . However, the sequence from AcMNPV failed to replicate in an infection-dependent replication assay in Spodoptera frugiperda cells (J. M. Vlak, unpublished) .
Recently, two different strategies have been used to identify potential baculovirus replication origins. One employed the generation of defective interfering virus particles which contain major genomic deletions but retain essential e/s-acting sequences required for DNA replication, while the other approach relied on testing the ability of cloned baculovirus DNA sequences to undergo DNA replication when transfected into infected insect cells.
Defective genomes
Several investigators observed that undiluted serial passage of AcMNPV in S. frugiperda cells produced virus progeny with altered genomes (Kumar & Miller, 1987; Kool et al., 1991 Kool et al., , 1993a Wickham et al., 1991; i AE-6 
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~-7 i--•  AE-S ~  AE-2   hrl  hrl a  hr2  hi'3  hr4  hr5   t  t  t  t  t t  t   I  II I  •  I  II  I t  It|  Ill  t  i I  •  I  IIII I  I   EcoR/  B  I RO  A  J  K TMN  F VU  C  W G  D  Q L  E  H $XP  B   n  I I I  I I  I I  III  I  I  I  I  iii  i  li  I ~ ' I I  III  I  i~  | II  i ~ I  I  ! IiII; II  I   Hindlll  G  F VTN D X J LMR  E OU I  B  C WH S  A  KQP G  F   I  i  .i I  II  I I II  , il  i  I  II  II  I I I I  f   I  I  I  I  I  I  l  l  I  I  I Fig. 2 . Location of supermolar EcoRI fragments on AcMNPV genomes derived by serial undiluted passage. The locations of these fragments (AEI-7) are indicated at the top. The location of hrs are indicated by arrows. This figure is from Kool et al. (1993a) . , 1994 . Plaque-purification of these mutants and subsequent DNA analysis showed that insertions of host cell DNA or small deletions had occurred in regions of the genome that are not essential for replication of virus in cell culture (Burand et al., 1980; Miller & Miller, 1982; Kumar & Miller, 1987; Friesen & Nissen, 1990) . Such mutations were often localized to the few polyhedra (FP) locus [map unit (m.u.) 33.6-37.2] (Potter et al., 1976; Fraser & Hink, 1982; Fraser et al., 1983; Kumar & Miller, 1987) , the ecdysteroid UDP-glucosyl transferase (EGT) gene locus (m.u. 7.(~13.1) and in the PstI-I fragment (m.u. 14.4-17.9) (Kumar & Miller, 1987) . Baculoviruses with major genome deletions were also generated after serial passaging, but were not found in the initial studies because they were replication deficient and were dependent upon a helper virus for their replication, and therefore could not be plaque-purified. For a number of viruses, it has been reported that serial undiluted passage of virus in cultured cells results in the generation of defective interfering (DI) particles. The genomes of DI particles retain only cis-acting sequences that are essential for genome replication and possibly packaging, while trans-acting factors are supplied by the intact helper virus (Brockman et al., 1973 ; Graham et al., 1978 ; Gutai & Nathans, 1978; Vlazny & Frenkel, 1981 ; Holland, 1990) . Such D! particles interfere with the replication of wild-type virus, possibly by competing for replication factors supplied by the helper virus. The cisacting sequences that are retained have the properties of replication origins and therefore have been extensively employed for investigations of virus replication. It was found that the continuous production of AcMNPV using insect cells in a bioreactor, which mimics the serial, undiluted passaging of virus, also resulted in the generation of DI particles in which the genome had major deletions (Kool et al., 1991 ). Viral mutants with major deletions have also been derived by other means (Carstens, 1982; Wickham et al., 1991) .
More detailed studies that analysed viraI DNA after every fifth serial undiluted passage of AcMNPV over an extended period of time showed that the first deletions were detected after passage 10-15 (P10-P15). Almost all of these early deletions occurred between m.u. 3041.5 or m.u. 78.2-80.4 (M. Kool, unpublished) . The former is near the FP locus whereas the latter is the locus for the chitinase gene which is nonessential for growth in cell culture (Hawtin et al., 1992) . With continued passages, genomic deletions were found to extend into adjacent regions of the genome. The production of relatively stable intermediates that persisted for 15-25 passages were also detected using pulsefield electrophoresis of AcMNPV DNA of different passage numbers . Discrete bands of approximately 130, 100, 85, 70 and 50 kbp were observed in these passages instead of a population of DNA molecules of all sizes up to 130 kbp, suggesting that deletion mutants containing defined portions of the genome were selectively retained.
In a separate study, restriction enzyme analysis of AcMNPV passage 40 (P40) DNA revealed the presence of seven supermolar EcoRI fragments ranging in size from 0-5 to 3.7 kbp (Kool et al., 1993 a) . Hybridization of the seven supermolar fragments to blots of EeoRIdigested parental AcMNPV DNA revealed three patterns of hybridization. Three of the supermolar fragments were found to flank hr3, three flanked hr5, and one flanked both hrl and hr3 (Fig. 2) . Further mapping and sequence analysis demonstrated that the latter fragment probably originated from a deletion that removed almost 50 % of the genome (Fig. 2) . , 1994 showed that after 81 passages the DNA from defective genomes was heterogeneous in size, with the majority migrating at about 50 kbp, as determined by pulse-field gel electrophoresis. Most of these defective genomes appeared to retain less than 2-8 kb of the parent AcMNPV genome, which was derived from the HindIII-K region. This suggested that -30-+ZO P ATGATCAAGGGATGATGTCA P ATAATCAAGAGATGATGTCA P ATAATCAAGAGATGATGTCA P ATAATCAAGAAATGATGTCA P ACAATCAAGAAATGATGTCA P ACGATTAGTGGATGATGTCA P ACGATCAATTAI'I'AGTCATA P ATGATCAAGGGATGATGTCA P ATAATCGAAAGATGATGTCA P ACAATCGAGAGATGATGTCA P ACGCCCAAGGGATGATGTCA P ACAATCAAGCGATGATGTCA P ACAATCAAGGGATGATGTCA P ACAATCAGGGGATGATGTCA P ACAATCGAGGGATAATGTCA P ACAATCGAGGGATGATGTCA P AAGATCGGTGGATGATGTCA P ACAATCAAGTAT--GAGTCA P ACAATCAAAAAGATGATGTCA P ACAATCAAGAAATGATGTCA
M. Kool and others TAGAATTCTA( hr2-3,4,6;hr3-Z,3,4;hr4a-1;hr4b-Z (9) hrl-l,3; hr3-1,6,7;hrZ-Z,5;hr4b-l,3 (4) hr2-1~7; hr4b-4; hr5-5 these defective genomes contained multiple repeats of this region. Since the size of the defective genomes did not fall below 50 kbp for intracellular and extracellular virus between P65 and P81, this size limit may result from constraints imposed by mechanisms involved in replication, packaging or transmission. Cloning and analysis of two abundant supermolar XhoI fragments of 1"80 and 1.74 kbp from these defective genomes showed that they contained overlapping sequences derived from within the HindIII-K region. This suggested that an origin of DNA replication was located within the 1174 bp (m.u. 85.4-86.3) region shared by these two fragments (Fig. 1) .
The replication assay
Cochran & Faulkner (1983) originally suggested that hrs may function as baculovirus replication origins and the observation that hr sequences were retained in defective genomes (Kool et al., 1993 a) lent credence to this theory. A transient assay was employed to examine infectiondependent replication of plasmids containing various hr regions after transfection into virus-infected insect cells. Such assays are based on the fact that DpnI restriction endonuclease sites (GATC) of plasmids produced in dam + bacteria contain methylated deoxyadenosine residues and therefore can be cleaved by DpnI. The DpnI sites in DNA replicated in eukaryotic cells are not methylated and therefore cannot be digested by DpnI. Thus, DpnI can be used to differentiate between input plasmid and plasmid DNA which has subsequently replicated in the eukaryotic cells (Peden et al,. 1980) . A number of reports (Pearson et al., 1992; Kool et al., 1993 a, b; Leisy & Rohrmann, 1993) have used this assay to provide evidence that hr regions may indeed function as sites for the initiation of AcMNPV DNA replication. Optimization of the replication assay indicated the following: transfection of the reporter plasmid 24 h before infection enhanced the sensitivity of the assay; m.o.i, values of 1 to 10 were optimal with higher values inhibiting plasmid replication; and reporter plasmid concentrations equivalent to 0"5-10 ~tg of the nonrecombinant plasmid (pBluescribe) transfected into about 1"25-2 x l0 s S.frugiperda cells were optimal (Kool et al., 1993 b; Leisy & Rohrmann, 1993) . In addition, the input DNA had to be in a circular form in order to be replicated; linear DNA, even if it contained an origin, did not replicate (Kool et al., 1993b) .
Hr sequences as baculovirus replication origins
AcMNPV contains eight hrs called hrl, hrla, hr2, hr3, hr4a, hr4b, hr4c, and hr5 (Fig. 1) . Hrs are composed of varying numbers of highly conserved repeated sequences of about 70 bp (Fig. 3 a) . Each repeat contains a 30 bp palindrome flanked by about 20 bp of the direct repeat on either side (Fig. 3b) . If the 30 bp palindrome were converted to a cruciform structure, it would have two mismatched positions outside a highly conserved 12 bp core sequence that contains an EcoRI site at its centre ( Fig. 3 c) . When transfected into AcMNPV-infected S. frugiperda cells, all hrs demonstrated the ability to replicate (Leisy & Rohrmann, 1993; Kool et al., 1993 b) .
[An hr with only one palindrome, hr4c ( Fig. 1 ) was recently reported (Ayres et al., 1994) , but it lacks an EcoRI site and has not been functionally characterized.] Although the relative level of replication for different hrs appears to be independent of the number of palindromes (Leisy & Rohrmann, 1993) , deletion mutagenesis of hr5, which contains six palindromes, indicated that the efficiency of replication of an individual hr was dependent upon the number of palindromes present (Pearson et al., 1992) . It was suggested that the orientation of an hr may influence the efficiency of replication (Leisy & Rohrmann, 1993) , however, this difference was later shown to be due to the proportion of supercoils in the DNA preparation (D. Leisy, personal communication) . Recent investigations using plasmid constructs that contain a single repeated region derived from hrla indicated that the central core of the palindrome is essential for origin function. If the central four nucleotides were removed or if an additional AAT was added within the EcoRI site, the plasmids replicated very poorly. Furthermore, it was shown that mutations which affect the ability of the plasmids to replicate have a corresponding effect on the ability of the hr to enhance gene expression when linked to an early promoter-GUS construct (Leisy et al., 1995) .
Hrs have been demonstrated to be cis-acting enhancers of transcription of baculovirus early genes including 39K, ie-2, p35 and helicase (Guarino & Summers, 1986 b; Nissen & Friesen, 1989; Carson et al., 1991; Lu & Carstens, 1993) . Although the p35 and 39K promoters are responsive to hr5 alone, their expression in transient assays is further augmented by the AcMNPV transcriptional activator, IE-1 (Guarino et al., 1986; Nissen & Friesen, 1989; Theilmann & Stewart, 1991) . Recently, it was demonstrated that hr5 can also serve as a transcripshowing the greatest sequence variation. The three sequences at the bottom of the figure contain sequence differences not present in the other 32 sequences. Sequences from hrl, hr3 and hr4a are reversed for alignments in both (b) and (c). The number after each hr designation refers to its position in the repeat. The number in brackets is the frequency of the palindrome. et al., 1995a) . The efficiency of replication is dependent upon the length of the flanking sequences. The consensus sequence of the repeated region is shown (Theilmann & Stewart, 1992) . (b) LdMNPV origin. A schematic diagram of an origin containing two repeated domains. This origin is composed of a domain containing seven repeats with overlapping XhoI/Sacl sites (black boxes), and Mlul sites linked to a second domain containing eight repeats of AT-rich sequences linked to a sequence containing a NruI site (open boxes) (Pearson & Rohrmann, 1995) . A consensus sequence of this region is shown below and indicates the location of restriction enzyme sites.
tional enhancer in vivo (Rodems & Friesen, 1993) . This study also showed that CAT activity from a p35-CAT construct was enhanced when linked to a single 28 bp hrderived palindrome. In other studies of hr5, a 60 bp direct repeat surrounding the palindrome was found to enhance gene expression in the presence of IE-1 and was able to compete for IE-1 binding with a larger hr5 fragment in a mobility shift assay using nuclear extracts from ie-l-transfected cells (Guarino & Dong, 1991) . In contrast, a 30 bp direct repeat from hr5 lacking the palindrome sequence did not compete in these assays. Mobility shift patterns suggested that the number of retarded bands equals the number of palindromes on the hr5-derived sequence tested (Guarino & Dong, 1991 , 1994 . Subsequently, it was shown that a portion of the 60 bp sequence containing half the palindrome was sufficient to bind IE-1, but failed to enhance gene expression (Guarino & Dong, 1994) . Sequences similar to AcMNPV hrs have been found in Bombyx mori NPV (BmNPV), a close relative of AcMNPV (Maeda & Majima, 1990; Majima et al., 1993) . The genome of CfMNPV (Arif & Doerfler, 1984; Kuzio & Faulkner, 1984) , which is less related to AcMNPV, has at least one set of repeated palindromes, some of which are over 75 % identical to AcMNPV hrs but lack the EcoRI site at their core (Xie et al., 1995) . A set of imperfect palindromes that are unrelated to AcMNPV hrs but behave as replication origins in an infection-dependent manner are also present in the Spodoptera exigua NPV genome (E. A. van Strien & R. Broer, personal communication). The Orgyia pseudotsugata MNPV (OpMNPV) has a genome similar in size to that of AcMNPV and major regions of the OpMNPV and AcMNPV genomes show collinear patterns of gene organization (Leisy et al., 1984; Gombart et al., 1989) . The OpMNPV genome has been demonstrated to contain homologous regions by DNA-DNA hybridization (Theilmann & Stewart, 1992) . The one OpMNPV hr that has been sequenced (Fig. 4a) shows overall about 50 % sequence identity to the AcMNPV hr sequences, and has been shown to enhance early gene transcription, although it lacks well-defined palindromes (Theilmann & Stewart, 1992) . It has also been shown to function as a replication origin in transient assays when linked to flanking sequences (Ahrens et al., 1995 a) . Although the Lymantria dispar MNPV (LdMNPV) is more distantly related to AcMNPV, BmNPV, CfMNPV and OpMNPV, it contains hrs located in eight regions of its genome (Pearson & Rohrmann, 1995) . Two of the hrs have been characterized and they are composed of repeats of about 80 bp that include a series of palindromes unrelated to AcMNPV hrs and contain MluI sites and overlapping XhoI and SacI sites (Fig. 4 b) . Plasmids containing these repeats replicate poorly. However, LdMNPV hr4 is located adjacent to a second domain composed of eight partially repeated sequences of 60-100 bp, each containing a 15-25 bp sequence that is 80-100% AT-rich and a 6-10 bp palindrome containing an NruI site. In combination, the two domains cause plasmids to replicate to high levels in LdMNPV-infected cells (Pearson & Rohrmann, 1995) . Hybridization data indicate that the AT-rich domain is not present elsewhere in the genome.
Non-hr-containing origins
In addition to hr sequences that may function as origins of DNA replication, two other non-hr containing putative origins have been characterized; the AcMNPV HindIII-K fragment (Kool et al., 1993b (Kool et al., , 1994b Leisy & Rohrmann, 1993; Lee & Krell, 1994 ) and the OpMNPV HindIII-N fragment (Pearson et al., 1993) . HindIII-K sequences were inferred to be a putative replication origin from the observation that AcMNPV defective genomes generated after 81 serial, undiluted passages retained less than 2.2% of the parental AcMNPV genome and these sequences were derived from the HindIII-K fragment (Fig. 1) . Subsequently, it was demonstrated that plasmids containing HindIII-K replicated in an infection-dependent replication assay (Kool et al., 1993b; Lee & Krell, 1994) although at less than 20% the level of hr-containing plasmids (Leisy & Rohrmann, 1993) . No significant sequence homology was found between HindIII-K and any of the hr regions. Deletion analysis localized several regions within m.u. 84.9-85.9 that were essential or enhanced replication (Kool et al., 1994b ) and a number of palindromes and repeated motifs are present in this region. BmNPV and AcMNPV are very closely related viruses and the regions essential for HindIII-K replication origin function are retained in the BmNPV genome while the surrounding sequences are deleted . The preservation of these sequences in AcMNPV and BmNPV suggests that they may play a functional role in these viruses.
A non-hr-containing putative origin was mapped to the HindII1-N fragment (m.u. 8-1-11.1) in the OpMNPV genome by transfecting a series of cosmids that encompass the complete OpMNPV genome into L. dispar cells infected with OpMNPV (Pearson et al., 1993) . Deletion analysis of this region indicated that almost the full 4 kb sequence was required for optimal levels of replication. Sequence analysis showed the presence of a variety of direct repeats, inverted repeats, palindromes and transcription factor binding sites, but no homology with any of the AcMNPV hrs or the HindlII-K region was found, nor could the ability of deletion clones of HindIII-N to replicate be directly correlated with the presence of a specific repeat or palindrome structure.
Investigations of non-hr AcMNPV (and other baculovirus) replication origins are not complete and it is likely that a number of other diverse sequences will show infection-dependent origin activity.
Specificity of baculovirus replication origins
As indicated above, different baculoviruses contain a number of putative replication origins that may differ in structure within the same virus and between viruses. The ability of two different baculoviruses to replicate heterologous origin-containing plasmids has been examined. It was found that transfection of OpMNPV-infected L. dispar cells with an AcMNPV hr5-containing plasmid resulted in only trace amounts of plasmid replication (Pearson et al., 1993) . Conversely, only minimal levels of replication of a plasmid containing OpMNPV putative replication origins HindIII-N or Op5 (which contains an OpMNPV hr) were detected in AcMNPV-infected S. frugiperda cells (Ahrens et al., 1995a) . These data indicate that although baculoviruses are similar in genome structure and organization, the DNA sequences that constitute an origin of replication and the viral/host proteins that recognize and interact with these sequences may differ significantly. Kool et al. (1993 b) demonstrated that a circular topology is a prerequisite for replication of origin-containing plasmids. Linear DNA, even if it contained an origin, was not replicated. These results are consistent with the circular nature of the baculovirus genome and suggest a model for baculovirus DNA replication involving a theta or rolling circle intermediate. The hr-containing plasmid DNA replicated in AcMNPV-infected cells was shown to be of high molecular mass suggesting that replication does not lead to the production of an exact replica of the input circular plasmid DNA. Partial digestion of the replicated DNA with a restriction enzyme that cut the input plasmid at a unique site led to the production of a 'step-ladder' pattern of fragments consistent with the DNA being organized as a linear concatemer containing multiple copies of the plasmid (Leisy & Rohrmann, 1993) . Although the form of replicating genomic DNA in infected cells has not been described, a linear concatemeric structure of origin-containing plasmids may indicate that viral DNA replicates via a rolling circle. Defective genomes consisting of concatemers of sequences from the HindIII-K fragment , 1994 ) also support a rolling circle model for baculovirus DNA replication. With such a model, a single replication initiation event would lead to the production of multiple copies of the genome. The mechanism by which such a structure could be resolved into unit-length, circular genome segments is not known, but could involve cleavage and religation to form monomeric circles before or during packaging.
The Jbrm of replicated DNA

The possible role of multiple replication origins
Eight putative origins have been identified in the AcMNPV genome. The individual role these origins play in DNA replication, and whether they are active simultaneously, is not clear. Deletion of hr5 from the AcMNPV genome or the closely related BmNPV genome had no effect on the replication of these viruses Rodems & Friesen, 1993) . It is possible that the presence of multiple hr sequences in the AcMNPV genome involves their role as enhancers of early genes. The accelerated expression of early genes may be essential for the successful establishment of an infection. However, multiple origins could facilitate rapid initial amplification of circular templates by a theta mode of replication. If at some stage rolling circle replication occurs, initiation may require activation of only a single origin, leading to the production of multiple genomes. If factors required for the initiation of replication are limiting, the formation of an initiation complex may be rare and the selection of which origin initiates replication may occur at random. In such circumstances, functionally redundant origins may increase the probability of the formation of a functional preinitiation complex and thus increase the speed of the infection cycle. The limitation of replication factors would reduce the likelihood of multiple initiations on a single genome which could lead to abortive replication via the production of complex branched structures which may not yield viable genomes.
The presence of multiple origins is not unique for baculoviruses, but has also been reported for herpesviruses and Chilo iridescent virus (CIV). The genome of herpes simplex virus type 1 (HSV-1) contains three origins, oriL and two copies of oriS (for a review, see Roizman & Sears, 1990) and it has been shown that the presence of a single copy of oriL or oriS is sufficient for replication (Longnecker & Roizmann, 1986; PolvinoBodnar et al., 1987; Igarashi et al., 1993) . In CIV at least six putative origins have been identified (Handermann et al., 1992) .
Genes involved in baculovirus DNA replication
A replication assay for the identification of baculovirus replication genes was developed that is similar to that employed for the identification of the HSV-1 replication genes (Challberg, 1986) . Overlapping cosmid clones encompassing the complete genome were transfected into uninfected insect cells along with a reporter plasmid containing a putative replication origin. A minimal set of cosmids was identified that replicated the plasmid DNA and the specific genes were determined using subclones of the essential cosmids. Using this protocol, six essential replication genes required for minimal levels of transient DNA replication and three to four stimulatory genes were identified in AcMNPV (Kool et al., 1994a, c; Lu & Miller, 1995) and OpMNPV (Ahrens & Rohrmann, 1995a, b; Ahrens et al., 1995b) . These data are described in more detail below and are summarized for AcMNPV in Table 1 .
DNA polymerase
One of the genes shown to be essential for DNA replication (Pearson et al., 1993; Kool et al., 1994a; Ahrens & Rohrmann, 1995) shares homology with DNA polymerases. Higher eukaryotes possess five different types of DNA polymerases (~, r, y, ci and ~) which are specialized either in their function or location in the cell (Moses & Summers, 1988; Kornberg & Baker, 1992; Wang, 1991 ; So & Downey, 1992) . All DNA polymerases are localized to the nucleus except for DNA polymerase which is found in the mitochondria and is thought to be involved in the replication of mitochondrial DNA (Kunkel & Mosbaugh, 1989) . DNA polymerase fl has a primary role in DNA repair (Mosbaugh & Linn, 1983; Singhal et aL, 1995) while 0~ and ~ are thought to be involved in nuclear DNA replication (Wang, 1991 ; So & Downey, 1992) . The polymerase ~ and fl polypeptides lack 3' ~ 5' exonuclease proofreading activity whereas fi and e possess this activity. In addition, DNA polymerases fi and e are both highly processive and are inhibited by aphidicolin. However, DNA polymerase e is highly processive in the absence of proliferating cell nuclear antigen (PCNA), while DNA polymerase ~ processivity is dependent upon PCNA. DNA polymerase e is thought to be associated with UV-DNA repair and possibly with replication. In early studies (Kelly & Lescott, 1981;  Ayres et aL (1994) .
This domain is not present in OpMNPV LEF-1 (Ahrens & Rohrmann, 1995) . § p35 is not present in OpMNPV. Miller et al., 1981 ; Kelly, 1982) it was noted that a new DNA polymerase activity was induced in baculovirus infected cells. A 3'-+ 5' exonuclease activity specific for single-stranded DNA was found to be tightly associated with BmNPV DNA polymerase (Mikhailov et al., 1986) . In other DNA polymerases, this activity is associated with proofreading newly synthesized DNA and hydrolysing mismatched nucleotides at the primer terminus. Genes from six baculoviruses which encode predicted proteins of about 1000 amino acids (ll5kDa) and contain motifs that are conserved among a number of DNA polymerases (Wang, 1991) have been located and sequenced (Tomalski et al., 1988; Bjornson et al., 1992; Cowan et al., 1994; Chaeychomsri et al., 1995; Liu & Carstens, 1995; C. H. Ahrens, unpublished) . Although the baculovirus DNA polymerase gene was shown to be essential for DNA replication in two studies (Pearson et al., 1993; Kool et al., 1994a) , in another (Lu & Miller, 1995) it was not essential but was shown to be stimulatory. This suggests that under different assay conditions a host DNA polymerase may act in combination with the other essential baculovirus replication genes to replicate transfected plasmid DNA.
The AcMNPV genome also contains a gene with 42 % amino acid sequence identity to rat PCNA (O'Reilly et al., 1989) . The viral PCNA was not found to be either essential or stimulatory for baculovirus DNA replication in the transient replication assay (Kool et al., 1994a) ; however, in a mutant virus in which the PCNA homologue was inactivated, the pattern of late viral gene expression, which is dependent on viral DNA replication, was delayed (Crawford & Miller, 1988) . In addition, BmNPV, which is closely related to AcMNPV, lacks a PCNA gene (Gomi et al., 1994) . Therefore the role this gene may play in AcMNPV biology is not clear, but it is possible that a cellular PCNA is used for viral DNA replication in baculoviruses lacking a PCNA gene.
Helicase
Helicases aid in progressively catalysing strand displacement ahead of a growing polynucleotide chain and therefore are critical enzymes for semi-conservative DNA replication. They use the energy of NTP hydrolysis to disrupt hydrogen bonds that associate duplex DNA (Kornberg & Baker, 1992) . A baculovirus gene with limited homology to helicases was originally identified by the sequencing of an ORF containing a temperaturesensitive mutation that resulted in virus defective for DNA synthesis (Lu & Carstens, 1991) . This gene encodes a predicted protein of 143 kDa that contains a variety of amino acid motifs associated with helicases including NTP binding and DNA/RNA unwinding domains (Hodgeman, 1988) . The putative helicase gene has been shown to influence baculovirus host range in two studies. BmNPV and AcMNPV infect B. mori and S. frugiperda cells respectively, but cannot replicate in the heterologous cell line. However, in cotransfection experiments AcMNPV recombinants containing a fragment of the BmNPV helicase gene instead of the corresponding AcMNPV sequence were produced that were capable of replicating in both B. mori and S. frugiperda cells. The fragment conferring this ability on AcMNPV was found to be 572 bp in one investigation and a 79 bp region (resulting in four altered codons) included within the 572 bp sequence in another study (Croizier et al., 1994) . The AcMNPV recombinants containing the BmNPV helicase segment also replicated in B. mori larvae (Croizier et al., 1994) which are normally not permissive for AcMNPV. Investigations on the co-infection of B. mori cells with BmNPV and AcMNPV demonstrated that wt AcMNPV, but not the recombinant with the altered helicase gene, inhibited BmNPV replication. Evidence suggested that this inhibition occurs at the level of translation .
ie-1
In AcMNPV, immediate early gene 1 (ie-1) encodes a predicted protein of 67 kDa (Guarino & Summers, 1987) and is unusual because it is the only spliced baculovirus gene that has been identified (Chisholm & Henner, 1988) . One spliced transcript is expressed early and five are expressed late in infection (Kovacs et al., 1991) . The spliced forms produce a protein with an additional 54 amino acids at the N terminus. Deletion analysis of IE-1 indicates the presence of distinct transcriptional activation and DNA binding domains (Kovacs et al., 1992) and a pattern of amino acids similar to a singlestranded DNA binding (SSB) motif is present in the Cterminal region (Kool et al., 1994a) . Extracts from S. frugiperda cells transfected with ie-I and IE-1 produced in in vitro transcription/translation reactions cause retardation of hr-containing DNA in gel shift assays (Guarino & Dong, 1991 , 1994 Choi & Guarino, 1995) . ie-I has been shown to activate a variety of baculovirus early gene prom0ter-reporter constructs when they are co-transfected into uninfected insect cells (Guarino & Summers, 1986a; Blissard & Rohrmann, 1991; Lu & Carstens, 1993; Rodems & Friesen, 1993 ) and this activation is greatly enhanced when these constructs are linked to hr sequences (Guarino & Summers, 1986b; Rodems & Friesen, 1993) .
In the baculovirus system, it may be possible that ie-1 is essential because it activates the expression of the other replication genes to levels sufficient to produce detectable amounts of replicated DNA. Alternatively, it might be directly involved in DNA replication by binding to an origin and catalysing early steps that lead to the assembly of a replication complex.
lef-1 and lef-2
Whereas information on possible functions of IE-1 and the DNA polymerase and helicase homologues is available because of functional studies or their homologies to well-characterized genes from other organisms, little is known about two of the essential replication genes called late expression factors (lef-1 and lef-2). These genes were originally identified as required for late gene transcription (Passarelli & Miller, 1993 a, b) . Several investigations indicate that these genes are directly involved in DNA replication of both AcMNPV and OpMNPV (Kool et al., 1994a; Ahrens & Rohrmann, 1995a, b; Lu & Miller, 1995) . Although the AcMNPV lef-10RF contains a sequence motif similar to an NTP binding site found in protein kinases, a similar motif is lacking in the OpMNPV lef-1 gene (Ahrens & Rohrmann, 1995a) .
/e f-3
Biochemical evidence suggests that AcMNPV encodes an SSB (Hang et al., 1995) . When nuclear extracts of AcMNPV-infected S. frugiperda cells were passed through a single-stranded DNA agarose column, an infection-specific protein was found to bind with high affinity and was only eluted at salt concentrations greater than 0.9 M. This virus-specific protein was found to have a molecular mass (44.5 kDa) which is similar to that predicted for AcMNPV LEF-3, and antiserum raised against this factor was able to immunoprecipitate in vitro translated LEF-3. In addition, this protein shares many of the characteristics of SSBs such as preference for binding single-stranded DNA, as well as non-specificity and cooperativity of binding to DNA. It also contains a sequence resembling an SSB motif near its N terminus (Ahrens et al., 1995b) .
SSBs are essential components of DNA replication systems. They contribute to the opening and unwinding of duplex DNA at an origin of replication at temperatures well below the normal T m. They also sustain unwinding of duplex DNA initiated by the action of helicases at replication forks, and may influence the activity of other replication proteins (Kornberg & Baker, 1992) .
p35
The AcMNPV p35 gene greatly stimulated DNA replication in one study (Kool et al., 1994a) , and in a separate study, where different assay conditions were used (Lu & Miller, 1995) , it was essential for replication. P35 is an inhibitor of AcMNPV-induced apoptosis in S. frugiperda cells (Clem et al., 1991) . Recent data suggest that it may also act as a transcriptional activator of early genes (Gong & Guarino, 1994) ; however, its major role in the replication assay may be to inhibit apoptosis by preventing transfected cells from dying during the course of the assay. This theory is supported by the fact that OpMNPV, which shows a high degree of genome similarity to AcMNPV, lacks a homologue of the p35 gene (Gombart et al., 1989) . However, OpMNPV encodes a functional analogue of p35 called Op-iap (inhibitor of apoptosis) which bears no sequence identity with p35, but is able to inhibit AcMNPV-induced apoptosis in S.frugiperda cells (Birnbaum et al., 1994) . A related gene (Cp-iap) with similar properties is found in the genome of the Cydia pomonella GV (Crook et al., 1993) . Both Op-iap and Cp-iap can substitute for p35 in the transient replication assay (Lu & Miller, 1995) . If p35 does not directly activate replication in S. frugiperda cells, it suggests that apoptosis may be induced by the expression of one or more of the replication genes or by the replication of heterologous DNA. The former possibility may be similar to adenoviruses where the expression of two genes (13S and 12S E1A) induces apoptosis in a cell-line-specific manner. In adenovirus, virally induced apoptosis is normally inhibited by the E1B protein (White & Stillman, 1987) . If apoptosis is induced by the replication of the transfected DNA, it suggests that the cell has a mechanism for discriminating between normal chromosomal DNA replication and replication of foreign DNA, or DNA replication not linked to the cell cycle.
ie-2 and pe-38
Efficient DNA replication in the transient assay system requires additional genes that stimulate replication. Two of the stimulatory genes, ie-2 (previously called ie-n) (Carson et al., 1988) and pe-38 (Krappa & KnebelM6rsdorf, 1991) , encode transactivators of early gene transcription. In particular, pe-38 has been shown to activate expression of the baculovirus helicase homologue. Furthermore, ie-2 has been shown to stimulate pe-38 (Lu & Carstens, 1993) and ie-1 expression (Yoo & Guarino, 1994) . In HSV-1 transient replication assays, there are four transactivators which stimulate but are not essential for replication of origin-containing plasmids . In contrast, in replication assays containing genes from the herpesviruses Epstein-Barr virus (EBV) and human cytomegalovirus (HCMV), three transactivators are essential (Fixman et al., 1992; Pari & Anders, 1993; Pari et al, 1993) .
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lef-7 was first shown to stimulate the expression of a CAT construct under the control of either the p39-capsid or polyhedrin promoters (Morris et al, 1994) and was subsequently determined to stimulate DNA replication (Lu & Miller, 1995) . It contains two single-stranded DNA binding motifs.
Transient repfication of DNA in transfected cells is origin-independent
Although plasmid replication in virus-infected cells is sequence-dependent, replication becomes viral originindependent when either transfected naked viral or cloned DNA instead of intact virions is used to supply essential trans-acting factors. Plasmids containing the most efficient origins as determined in the infected cell assay still show the strongest replication in transfected cells; however, other plasmids (including plasmid vectors lacking inserts) replicate to varying levels (Kool et al., 1994a, c) . It is possible that in assays employing cloned genes this phenomenon is caused by recombination between the hr-containing reporter plasmid and plasmids containing replication genes. If this replication is originindependent, it may be similar to other eukaryotic systems in which chromatin structure represses initiation of both transcription and replication (Wolffe, 1991) . Although the organization of DNA binding proteins associated with baculovirus genomes is unclear, there is evidence for the association of a small very basic protein with baculovirus DNA in virions (Wilson et al., 1987) . If baculovirus DNA is packaged in a chromatin-like structure, transfection of DNA lacking these proteins may result in the deregulation and high level expression of the genes involved in replication. High gene copy number may also play a role in origin-independent replication. Cells infected with virus at low m.o.i, values contain only one to a few copies of each gene. In contrast, cells transfected with cloned viral replication genes contain a much higher gene dose. This could lead to the production of an over-abundance of replication proteins which may saturate specific origin sequences. The excess protein molecules may bind to DNA sequences non-specifically, and hence cause initiation of replication from any plasmid.
Relationship between DNA replication and RNA transcription As described above, the same cis-and trans-acting elements that stimulate the transcription of baculovirus early genes are also involved in DNA replication. In particular, hr sequences that serve as enhancers of transcription also appear to function as replication origins, ie-1, which is required for baculovirus DNA replication, also transactivates early gene expression; this activation is enhanced when the genes are linked to hr sequences. The inter-relatedness of cis-and transacting factors involved in the initiation of both transcription and replication has been observed in a number of systems [see reviews in Cheng et al. (1992) , Kornberg & Baker (1992) and DePamphilis (1993) ] and is thought to be due to common features of both processes including the necessity for the formation of a multisubunit enzyme complex at the site of initiation and the similarity of the enzymology of the subsequent nucleotide polymerization. For example, the E2 protein of bovine papilloma virus appears to activate both transcription and rep-lication by alleviating repression caused by the presence of nucleosomes at the site of initiation (Li & Botchan, 1993 a, b) . E2 apparently accomplishes this by recruiting cellular single-stranded DNA binding proteins that assist in the assembly of the polymerase complex in such a way that it is capable of competing with nucleosomes at the initiation site. Transcription and replication have a number of additional similarities (Li & Botchan, 1993 a) : they are DNA template-dependent, require unwinding of DNA strands to allow entry of the enzyme complex, and involve the polymerization of similar substrates (NTPs) to produce a complementary product that elongates from 5'+ 3'. Furthermore, evidence at the structural level indicates that both RNA and DNA polymerases possess similar arrangements of aspartate residues in their catalytic sites suggesting a conserved mechanism of nucleotidyl transfer (Sawaya et al., 1994) . Therefore, it is not surprising that in baculoviruses these two processes rely on shared cis-and trans-acting elements.
Future investigations
The identification of baculovirus replication origins along with the development of assays for monitoring transient replication, and the identification of genes that are essential or that stimulate DNA replication have provided the foundation for elucidating the process by which baculoviruses replicate their genomes. Several avenues of research are now open for investigation, including the characterization of the role of specific DNA sequences in origin structure and the biochemical functions of the replication proteins in the initiation of replication and DNA synthesis. In addition, if, as the data with hr-containing plasmids suggest, replication results in large genome concatemers, understanding the mechanism by which such structures are resolved into unit-length genomes is of particular interest. The functions of some of the essential replication gene products can be predicted from comparison with those from other organisms. For example, a DNA polymerase normally requires a processivity factor that keeps the polymerase tightly associated with the template thereby preventing it from disassociating. Other proteins that may be involved in replication are an origin-binding protein that recognizes an origin and catalyses the assembly of the replication complex, and a primase that would be involved in the synthesis of the RNA primers for DNA chain initiation. The contribution of host factors to the replication process also cannot be ruled out. The identification of sequences in the helicase protein that are involved in specifying host range could indicate that this region might associate with a host protein in order to function. Of high priority is the development of an in vitro replication system. This system would allow the 
